In this paper we present a 3D nonlinear dynamic model which describes the transient mechanical analysis of an ohmic contact RF MEMS switch, using finite element analysis in combination with the finite difference method. The model includes real switch geometry, electrostatic actuation, the two-dimensional non-uniform squeeze-film damping effect, the adherence force, and a nonlinear spring to model the interaction between the contact tip and the drain. The ambient gas in the package is assumed to act as an ideal and isothermal fluid which is modeled using the Reynolds squeeze-film equation which includes compressibility and slip flow. A nonlinear contact model has been used for modeling contact between the microswitch tip and the drain electrode during loading. The Johnson-Kendall-Roberts (JKR) contact model is utilized to calculate the adherence force during unloading. The developed model has been used to simulate the overall dynamic behavior of the MEMS switches including the switching speed, impact force and contact bounce as influenced by actuation voltage, damping, materials properties and geometry. Meanwhile, based on a simple undamped spring-mass system, a dual voltage-pulse actuation scheme, consisting of actuation voltage (V a ), actuation time (t a ), holding voltage (V h ) and turn-on time (t on ), has been developed to improve the dynamic response of the microswitch. It is shown that the bouncing of the switch after initial contact can be eliminated and the impact force during contact can be minimized while maintaining a fast close time by using this open-loop control approach. It is also found that the dynamics of the switch are sensitive to the variations of the shape of the dual pulse scheme. This result suggests that this method may not be as effective as expected if the switch parameters such as threshold voltage, fundamental frequencies, etc. deviate too much from the design parameters. However, it is shown that the dynamic performance may be improved by increasing the damping force. The simulation results obtained from this dynamic model are confirmed by experimental measurement of the RF MEMS switches which were developed at the Northeastern University. It is anticipated that the simulation method can serve as a design tool for dynamic optimization of the microswitch. In addition, the approach of tailoring actuation voltage and the utilization of squeeze-film damping may provide further improvements in the operation of RF MEMS switches.
Introduction
The RF MEMS switch is an emerging technology, which holds promise for replacing conventional solid-state switches for RF or microwave applications [2] . RF MEMS switches have lower insertion loss and higher isolation than solid-state switches, which are critical requirements for the next generation of communication systems. For instance, the insertion loss of a RF MEMS switch is only 0.05-0.2 dB at frequencies ranging from 1 to 100 GHz, in contrast to 0.3-1.2 dB for PIN diodes and 0.4-2.5 dB for FET switches in the same frequency regime [3] . MEMS switches could replace PIN diodes which are now widely used in current communication systems, and can also be used in devices and systems for medical and military applications.
The ohmic contact switch has wide bandwidth, consumes little power, is highly linear and has a long lifetime of up to 100 billion cycles [4] . This type of switch is a very attractive alternative to solid-state switches as switching components in communication systems. MEMS switches with acceptable performance are now becoming available in the market [4] . However, long-term reliability is one of the major concerns in the use of RF MEMS switches [5] . The failure modes of the microswitch have been identified to be either resistance increase with cycling leading to degraded performance, or stiction, which causes a fail-to-open malfunction. However, the underlying mechanisms responsible for failures of the MEMS switches are not yet known because of the complexities involved in the contact during operation.
It has been experimentally observed that switches may bounce a few times, before making permanent contact with the drain [1, [6] [7] [8] [9] , due to the elastic energy stored in the deformed contact materials and in the actuator. The existence of this bouncing behavior increases the effective closing time of the switch. Meanwhile, the contact may be damaged by a large impact force which can be much greater than the high static contact force which is desired for low contact resistance. This instantaneous high impact force may induce local hardening or pitting of materials at the contact. Also, bounces may facilitate material transfer or contact welding [10] , which are not desirable for a high-reliability switch. These behaviors suggest that the dynamics of the switch, which are related to the contact bounce and impact force, are significant factors in the long-term switch performance.
Most models on the dynamics of the microswitch concentrate on certain aspects of the switch such as the squeeze-film damping effect. For instance, Steeneken et al [8] investigated the dynamics and squeeze-film damping of a capacitive RF MEMS switch. The damping force was calculated based on a lumped model and was then represented by an equivalent squeeze-film damping constant. Massad et al [9] studied the dynamic behavior of a MEMS switch using the finite element method which coupled the switch dynamics with the electrostatic actuation. In that model, the squeeze-film damping and contact were not taken into account. McCarthy et al [7] presented a one-dimensional finite difference dynamic model based on beam theory which included squeeze-film damping and a linear contact spring to simulate the dynamics of an ohmic contact RF MEMS switch both before and after contact. Compared with previous models on the dynamics of a switch, this paper included the bouncing features of the switch after the initial contact. But the adhesion and bowing deflection were not taken into account in this paper. Decuzzi et al [11, 12] developed a model based on Euler-Bernoulli theory and theoretically studied the bouncing dynamics of a resistive switch. They used a van der Waals term and a linear spring to represent the attractive and repulsive forces, respectively, between the contact tip and the drain. Gee et al [13] presented a dynamic model and examined the effect of the dynamics of the switch on its opening time. In that model, they used a fourth-order beam deflection equation and included the adhesion force due to both van der Waals type forces and metal-to-metal bonds. Czaplewski et al [14] used a dualpulse method to achieve a soft landing of the microswitch and presented the modeled dynamic results of a RF MEMS switch. But in that model, the mechanical contact and squeeze-film damping were not taken into account.
However, little work has been done to develop a comprehensive model to accurately predict the dynamic behavior of a microswitch. In this work, we develop such a comprehensive model which covers the important aspects pertaining to the dynamics of a microswitch. This model includes the real switch geometry, electrostatic actuation, two-dimensional non-uniform squeeze-film damping with compressibility and slip-flow, the nonlinear contact and the adherence force during unloading. The damping force due to the squeeze-film effect is calculated both locally and globally as a function a time. The nonlinear contact takes into account the fact that the contact area increases with increasing contact force. A more detailed description of each aspect is given in the following section. The model can be used to examine the dynamic response of the switch both before and after closure. Furthermore, we develop an actuation strategy for operation of the switch which leads to an enhanced performance. Finally, comparisons between the simulation results and the experimental measurements are made.
The paper is organized as follows: section 1 is the introduction; mathematical formulations and development of the model are given in section 2; in section 3 we present and analyze the simulation and experimental results; and lastly, section 4 is the conclusions.
Formulation of the simulation
As mentioned above, the developed dynamic model consists of aspects which are most critical for optimal operation of MEMS switches: the real switch geometry, switch dynamics, electrostatic actuation, squeeze-film damping, nonlinear contact, and the adherence force. The details related to each of these aspects are presented in the following subsections, along with a method for determining the dual voltage pulse actuation scheme.
Switch and switch model
The microswitch studied in this paper was first developed at the Northeastern University and was fabricated using a simple micromachining technology. This cantilever-type switch has a gold-on-gold contact and is electrostatically actuated. For a detailed description of its fabrication and material parameters, the reader is referred to [15] . A SEM micrograph of the fabricated switch is shown in figure 1(a) . ANSYS is a well-established simulation tool which utilizes finite element techniques. The properties of MEMS switches can be examined both locally and globally using ANSYS. The top and side views of the switch are shown in figures 1(b) and (c). Only half of the switch is simulated by utilizing the symmetry of the switch. The electrode and beam of the switch are discretized to rectangular structures, i.e. regular mapped mesh grids, as shown in figure 1(d ) , which are used for both electrostatic actuation and implementation of the finite difference method of the Reynolds equation. The rest of the microswitch is meshed using free meshing. Element solid45 is used for the whole mechanical three-dimensional structure, whereas surface element surf22 is used for the surface which is subjected to electrostatic and squeeze-film damping forces. Element link8 is used to simulate the contact between the contact tip and the drain of the switch. The total number of element is 634 consisting 598 solid45, 35 surf22 and 1 link8 element.
Electrostatic force
For the electrostatic actuation, it is assumed that the individual elements of the upper and lower electrodes locally form a parallel capacitor. The fringing electrical field is neglected because the fringing field exists only around the edges of the gate and the ratio of the minimum lateral dimension of the cantilever beam to the maximum separation between the two electrodes is large, i.e. the ratio is about 40. Thus, the attractive electrostatic pressure between two parallel plates can be written as
where ε 0 is the permittivity of free space, V is the electrical potential between the electrodes and h is the distance between the upper and bottom electrodes which face each other. Note that h is a function of the in-plane position and also changes during actuation.
Squeeze-film damping
As mentioned above, the gap between the gate electrode and the actuator is much smaller than the lateral dimensions of the switch, i.e. h (L, W ), suggesting that the viscous air damping dominates other energy dissipation mechanisms at atmospheric pressure, such as the spring and mass damping.
In general, the damping effect of a mechanical structure in a viscous fluid can be analyzed using the Navier-Stokes equations. For cases where (i) the gas film is isothermal; (ii) the displacement in the normal direction and the pressure changes in the gap are small; (iii) inertial effects of the fluid are negligible; (iv) the gap distance is small compared with lateral dimensions, the squeeze-film damping equation, also known as the Reynolds equation, is generally used. For our switch, the separation between the upper and lower electrodes (∼0.6 µm) is much smaller than the lateral dimensions of the actuator (∼24 µm). Assuming that there is no sliding motion of the upper electrode and neglecting the inertial effect of the gas, the isothermal Reynolds equation excluding both compressibility and slip-flow is given as [7] ∂ ∂x ρh
where p is the gas film pressure in the gap, ρ is the air density, h is the distance between the electrodes, µ is the gas viscosity and t is time.
Since the gap dimensions are on the order of the mean free path of gas air under atmospheric pressure at room temperature, λ ∼ 62 nm, the slip-flow effect also has to be considered. The importance of slip-flow is indicated by the Knudsen number Kn = λ/ h, where h is the gap height [16] . Meanwhile, in order to account for the compressibility of the air gas between the electrodes, the gas in the package is assumed to be ideal. According to the isothermal ideal gas law, the gas density is proportional to the pressure. Therefore, after including both compressibility and slip-flow, equation (2) is modified as [7] ∂ ∂x ph
where P a is the ambient pressure and λ m is the mean free path of air at ambient pressure; equation (3) shows that the pressure due to the squeeze-film effect is a function of position and time, i.e. p = p(x, y, t), and is used to describe the squeeze-film damping effect on the upper electrode. Note that an explicit analytical solution to equation (3) is not available due to the nonlinear terms associated with the gap h and the pressure p. The central finite difference in space and the forward finite difference in time were implemented, as illustrated in figure 1(d ). The resulting finite difference form of equation (3) is
where
and where t, x and y are the time increment and the elemental distances in the x and y directions, respectively. The h t i,j term represents the distance of the element (i, j) from the top to the bottom electrode at time step 't'. This explicit solution given by equation (4) gives accurate results as long as the time step, t, is sufficiently small for given values of the spatial finite difference grid, x and y. In the simulation, the required time step is on the order of nanosecond for a converged solution. Based on the preceding formulation, a sequential simulation program has been developed for the transient simulation of the dynamic response of the microswitch. This sequential program is used to retrieve the time-dependent local heights and pressures such as h (4), which are subsequently used as loads in the finite element simulation. These interactive retrievals and calculations occur throughout the simulation.
Nonlinear contact model with adhesion
When the switch is actuated, the contact tip on the cantilever makes contact with the drain. It is observed that typically only a few asperities with the radius of curvature of about 0.1-0.2 µm make contact with the bottom drain [17] . The contact between the switch tip on the upper beam and the drain can be modeled as the interaction between an equivalent rigid spherical bump and a compliant flat surface. The widely used contact models with adhesion are the Johnson-KendallRoberts (JKR) [18] and Derjaguin-Müller-Toporov (DMT) [19] models. The former is most appropriate for a larger radius bump, large adhesion energy and more compliant contact materials. The latter is best applied to cases where interaction occurs between small and more rigid bumps with low adhesion energy. A more quantitative dimensionless parameter, µ, defined by Tabor [20] is used to determine the regions of validity of the two models. This parameter is given as
where R is the radius of curvature of the bump, w is the adhesion energy, E * is the effective Young's modulus which is defined as 1/E * = 1 − ν
E 2 , and z 0 is the equilibrium spacing of the surfaces in the Lennard-Jones potential (typically z 0 ≈ 0.28 nm for metals [21] ).
For the case µ > 3, corresponding to larger radius bumps, lower Young's moduli and higher adhesion energy, the JKR theory is more applicable. On the other hand, if µ < 0.2, the DMT is more appropriate. In the microswitch, the electroplated Au is used as the contact material, Young's modulus E = 42.4 GPa [22] , Poisson's ratio ν = 0.44, surface energy γ = 1.37 J m −2 [23] and adhesion energy w = 2γ . Substituting these values into equation (7), we found µ = 5.7, which indicates the Au-Au contact is in the JKR regime. Note that we take Young's modulus value for electroplated gold from [22] . It is reported that Young's modulus of the electroplated gold ranges from 41.9 GPa to 52.3 GPa [24] . In section 3.1, it will be seen that the use of E = 42.4 GPa for electroplated gold is a reasonable approximation for the real value.
The adhesion force for a JKR contact is 1.5πwR. According to JKR theory, the contact radius, a, of a rigid sphere on a compliant flat surface with adhesion as a function of load is given as [25] 
where K is the contact modulus and is equal to 4E * /3, P is the contact force and R is the effective radius of curvature of the contact tip and is about 1.37 µm for a single asperity model between the Au and Au contact [17] . The adhesion force based on the JKR model is about 17.8 µN. Subsequently, the penetration, or displacement, of the sphere relative to the drain can be written as
It is clear that the penetration depends nonlinearly on the external force. This nonlinear behavior is more reasonable than a linear spring given the fact that the contact area tends to increase as the contact force increases, leading to a nonlinear stiffness which increases with increasing interference. As discussed above, contact is a very complex phenomenon, i.e. elastic, elasto-plastic or even fully plastic deformation may all be involved. But for simplicity, we assume that all plastic deformations occur during the first contact and, subsequent loading and unloading are assumed to be purely elastic. To implement this nonlinear elastic contact behavior, we used the link element Link8 in ANSYS to simulate the contact using equations (8), (9).
Dual pulse actuation
As discussed above, the long-term reliability of the MEMS switch is a major concern for RF and microwave applications. The mechanical dynamics of the switch are related to its reliability and performance, because the impact force and bounce of the switch during contact may physically deteriorate the contact. One way to improve the reliability of the switch is to tailor the actuation waveforms such that a minimal impact force can be achieved, thus reducing the impact force and mitigating the chance of creating local pitting and contact hardening [26] .
In the actuation of a PIN diode, a dual-pulse actuation method is often used. The first large current pulse is injected into the wide depletion region and the device is turned on very quickly. Afterwards, a lesser quiescent current maintains the device in the on-state [27] . For the MEMS switch, a similar idea may be applied to gently close the switch. The idea behind this method is that a large actuation pulse is first applied to the switch and after a short period of time, denoted as t a , the pulse is turned off. The actuation pulse is such that the switch momentum causes the speed of the switch to be ideally zero when it barely touches the bottom electrode at the time t on . The dynamic behavior of the microswitch has first been modeled using a simple lumped spring-mass damper system under an applied force. A schematic representation of such a system together with the corresponding voltage pulses is shown in figure 2 .
To simplify the derivation of time t a and t on , we first used a force instead of a voltage to actuate the spring-mass system with damping neglected. The displacement of mass, m, for a given actuation force, F a , and a finite period of time, t a , can be readily derived as [28] 
where F a is the force amplitude of the first pulse. After applying the boundary conditions at time t on , x(t on ) = d and dx(t on )/dt = 0, we obtain the following relationships:
where ω n is the angular frequency of vibration and τ n is the corresponding natural period. We define F th = kd/3 as the threshold force. This force causes a static deflection equal to one-third of the initial gap. Such a deflection, if produced by a voltage in a parallel plate capacitor, would cause the switch to snap shut. After simple manipulation of equation (12), we have
given that the actuation force is proportional to the actuation voltage squared, i.e. F a ∼ V 2 a (if we neglect the nonlinear dependence of actuation force on gap separation). The threshold voltage is referred to as V th which corresponds to F th . Figure 3 shows the relationship of time t a and t on as a function of actuation voltage. Because the dual-pulse method is based on a simple one degree of freedom system, only the vibration of the first undamped mode of the switch is compensated for and those of higher modes are neglected. As described above, the landing speed of the switch is expected to be zero at time t on . At this instant, a holding voltage which is larger than the threshold voltage is applied to hold the switch in the closed position.
Results and discussions

Simulation results
As mentioned above, the switch used in the simulation is fabricated using electroplated gold [17] . The dimensions of the switch and the gap between the tip and drain as well as the initial gap between the two electrodes were obtained using Zygo NewView 6000. The switch is simulated at atmospheric pressure and at room temperature. We first simulated the modal behavior of the switch. It was found that the first resonant frequency of vibration is about 349 kHz in the open position and 1.77 MHz in the closed state. The measured resonant frequency of vibration is 346 kHz in the open position. Note that Young's modulus for electroplated gold which is used in simulation is from the literature, as discussed in section 2.4. The excellent agreement between the measured and simulated resonant frequencies of vibration suggests that Young's modulus value we used for electroplated gold in the simulation is a good approximation to the real value. The corresponding time periods are 2.86 µs and 0.57 µs, respectively. The simulated threshold voltage (V th ) is about 65 V, which is in agreement with the measured values of about 63-66 V. Figure 4 shows the simulated displacement of the contact tip of the switch with actuation voltages of 70, 74 and 81 V. The corresponding initial contact times are 1.62 µs, 1.34 µs and 1.24 µs, respectively. It is seen that the switch closes faster with the larger actuation voltage. However, the switch bounces with this single-step actuation and the number and magnitude of bounces increase with increasing the actuation voltage. For each case the magnitude of the bounces decreases with time due to the squeeze-film damping effect. Figure 5 shows the displacements of the contact tip and of locations A and B, as labeled in figure 1(b) with an actuation voltage of 74 V. It can be clearly seen from the motion of A in figure 5 that the switch bends about 30 nm in the width direction while the tips are in contact with the drain. The small difference of the motion between location A and the tip is due to cross-bending of the actuator area due to the electrostatic force exerted on it. In contrast, the displacement of location B is about half of that of location A, due to the large stiffness of the switch in its closed position.
The total squeeze-film damping force, the total electrostatic force on the actuator and the ratio of the absolute values of these forces are shown in figure 6 . It is seen that both the electrostatic force and the squeeze-film damping force oscillate. This behavior is caused by the bouncing dynamics of the switch after initial contact. The frequency of the oscillations is 343 kHz, which is close to the resonant frequency of 349 kHz of the modal simulation of the switch in the open position, i.e. as it moves away from the gate. From figure 6(b) , it can be seen that the damping force becomes negative when the switch starts to bounce. Figure 6(c) shows the ratio of the absolute values of the damping and actuation forces. It is interesting to see that the damping force may significantly affect the dynamics of the switch, since the damping force is dissipative and is as much as 13.5% of the electrostatic force for an actuation voltage of 1.1 times the threshold voltage. Also, it can be seen that the damping force reaches its maximum just before the contact tip of the switch makes initial contact with the drain. At this moment the gap attains its minimum value and the speed its maximum.
In order to see the evolution of the squeeze-film damping force, the distribution of the squeeze-film pressure with respect to the atmosphere pressure, i.e. the gauge pressure, across the gate area for an actuation voltage of 74 V is shown in figure 7 . Before the initial contact of the switch at times P 1 , P 2 and P 3 of figure 7(a), the maximum pressure is located at the center of the gate, and it moves toward the contact tip edge. This is because the local speed of the movable electrode near that edge is larger than that at other locations and the corresponding separation is also smaller. After the contact tip starts to bounce off the drain, the pressure at the edges first becomes negative and then the negative pressure spreads to the middle of the gate when the contact tip reaches the maximum bounce (see P 4 and P 5 in figures 7(a), (d ) and (e)). This means that the squeeze-film damping force initially resists closing and then resists it from bouncing off. Also, it is worth noting that the pressure at the center of the gate is positive even after the switch bounces off the drain (see the gauge pressure distribution of point P 4 in figure 7(d ) ). This is due to the fact that air is compressible and the pressure due to compression is greater than due to viscosity. From figure 7(c) , it can be seen that the maximum gauge pressure occurs at the center of the gate and has a magnitude of about 60 kPa, i.e. approximately 60% greater than atmospheric pressure.
After the contact tip of the switch makes contact with the drain, the instantaneous contact force can be much larger than the static contact force. This is because the speed of the switch is not zero when the contact between the contact tip and the drain occurs. In the ANSYS simulation, the instantaneous contact force along with the static contact force at different actuation voltages is calculated and is shown in figure 8 . Here we refer to the instantaneous contact force as the impact force. It is found that the maximum impact forces are 5.6, 4.9, 4.5 and 4.2 times the static contact forces for actuation voltages of 70 V, 74 V, 78 V and 81 V, respectively. The ratio between the impact and static forces decreases with increasing the actuation voltage. This suggests that the higher speed of the actuator causes a larger squeeze-film damping force for higher actuation voltage, resulting in a smaller ratio between the impact and static forces.
The control of the dynamics of the switch is important for its proper operation.
Some closed loop feedback control mechanisms are used to control the dynamics of a moving mass [29] , but this procedure often needs additional circuitry to implement. An alternative approach to control the dynamics of the switch is the open-loop tailored actuation waveform method. A simple version of this mechanism is the dual voltage pulse control method [29] .
However, a thorough investigation is needed to understand and to make this tailored waveform actuation more efficient for controlling the dynamics of the switch. By using the simplified results we have obtained in section 2.5 shown in figure 3, the simulation result using a dual-voltage pulse (V a = 88 V, t a = 0.8, V h = 67 V, and t on = 1.05 µs) is shown in figure 9 . Compared with the single-step actuation, this dual pulse can eliminate the bounce with a moderate impact force while maintaining a fast switching speed. It is worth noting that the observed impact force oscillates with a frequency of 1.2 MHz, which is smaller than the natural frequency of 1.77 MHz in the closed state, after the contact tip is maintained in a permanent contact with the drain. The oscillating feature can be ascribed to the mechanical dynamics of the microswitch. Even after the switch is closed, Figure 9 . Displacement of the contact tip using a dual pulse actuation, V a = 88 V, t a = 0.8, V h = 67 V, and t on = 1.05 µs. The inset shows the impact force for this dual pulse actuation. The static force for a single-step actuation voltage of 67 V gives a static force of 15 µN. the beam and actuator portion of the switch remain in motion due to their momentum. Also, other vibration modes of the switch can be excited during the initial actuation as well as during the impact of closure. Finally, the nonlinearity in the electrostatic force acts to reduce the switch stiffness. These factors may make the observed oscillation frequency of the contact force less than its closed-state natural frequency. The maximum impact force for this dual-pulse actuation is about twice the static force for the same holding voltage, and is about one-third of the impact force (∼96 µN) for the same single-step actuation voltage of 67 V. This result indicates that the bounce for a dual-pulse actuation can be completely eliminated, although the simulated impact force is still larger than the static force for the same holding voltage.
Comparison between experiments and simulations
The experimental work has been performed on the switches which were originally developed at the Northeastern University. The measurement circuit is shown in figure 10 . Since the response speed of the oscilloscope is sufficiently fast, we neglect the circuit effect on the results. It seems that the simulation results show an excellent agreement with the experiments for high actuation voltages. The small discrepancy of the second open and close at low voltages suggests that a more sophisticated contact model is needed to better predict the bouncing dynamics of the switch.
In the experiment for dual voltage pulse actuation, as shown in the inset of figure 13(a) , the values for V a , V h , t a and t on are 1.5 V th , 1.05 V th , 0.5 µs and 0.8 µs, respectively, and are used in the function generator. Note that the observed peaks and valleys for time between 0 and 1.5 µs are caused by charging and discharging of the capacitor formed between the actuator and the gate (C ag ), which is coupled to the capacitor formed between the actuator and the drain (C ad ). Since these two capacitors have a common terminal, i.e. the actuator of the switch, the charging or discharging of capacitor C ag will automatically charge or discharge the capacitor C ad . In addition, the instantaneous current through the capacitor is proportional to the rate of voltage change, i.e. i = C dv dt , where C is the capacitance. This result suggests that the largest voltage occurs at cusps of the voltage curve, which is manifested by the corresponding times indicated by the arrows in the inset of figure 13(b) for peaks a and c and valley b of figure 13(b) .
Note that since the first eigenperiod of the switch is so short and the circuit has a finite rising and falling time, the expected square shapes of the dual voltage pulses (as shown in the inset of figure 13(a) ) have been changed to triangle-like, as shown in the inset of figure 13(b) . To include this effect, the waveforms are shaped to ensure that the work which is done on the switch for both actuation waveforms is maintained about the same in the experiments. It is clearly seen from figure 13 that the simulated result is in an excellent agreement with the experiment. In the practical application of the switch, higher contact force is desired for smaller contact resistance. In the dual voltage approach, one can intentionally increase the voltage and thus the contact force once the switch gets closed permanently, as shown in figure 14 . In this graph, the oscilloscope traces of the switch voltage are shown for dual voltage pulses with varying holding voltages of 74 V and 81 V. The inset shows the corresponding actuation pulses. It can be seen that for a higher holding voltage, e.g. 81 V, the recorded switch voltage is lower than the one for lower holding voltage, e.g. 74 V, due to a reduction of contact resistance induced by a higher contact force or holding voltage. In addition, the small oscillations observed in the switch voltage from 3-7 µs with an actuation voltage of 74 V may suggest that the oscillation of the beam and actuator portion of the switch are dramatic even after the switch is closed, which agrees with the simulated oscillatory impact force, as can be seen from the inset of figure 9 .
It is common that fabrication errors may exist even for a well-established process for a device. To evaluate the sensitivity of the dual voltage pulse to fabrication errors, we give a small variation of voltages, V a and V h , and times t a and t on , before they are applied to the switch. Figures 15(a1) Figure 16 . Oscilloscope traces of the switch voltage for dual voltage pulses: (b1) (V a , 0.89t a , V h , 0.89t on ), (b2) (V a , t a , V h , t on ) and (b3) (V a , 1.11t a , V h , 1.11t on ) , where V a = 1.35 V th , V h = 1.03 V th , t a = 0.5 µs and t on = 0.8 µs.
and (a3) show the measured results of the switch where the variations of the magnitude of the voltages V a and V h are about 5%. It is clear that the pulses (V a , V h , t a and t on ) with 5% lower voltages are not adequate to make the switch close (see figure 15(a1) ) while the pulses with 5% higher voltages cause some bounces (see figure 15(a3) ) although the number of bounces is fewer than that in a single step actuation case. Similarly, the variations of times t a , and t on of about 11% also cause some bounces compared with the ideal dual pulse, as shown in figures 16(b1)-(b3). Note that the 5% voltage variation and 11% time variation were chosen for a small variation and distinguishability in the experiment. It is worth noting that the dual pulse method is more sensitive to the threshold voltage than the time period. The observed results suggest that the dual pulse method may not be as efficient as expected if the switch parameters vary significantly.
As discussed above, squeeze-film damping plays an important role in determining the dynamic response of the switch. One way to take advantage of the damping effect is to design switches which have appropriate dimensions and geometries for critical damping or moderate levels of damping during operation. Another alternative may be to intentionally increase the ambient pressure to some level for higher damping and better operation, although this method may not be practical to implement for a switch. Figure 17 shows the simulation results of the dynamics of the switch which is actuated with a single step voltage of 74 V but at pressures of 1 atm and 10 atm. It is obvious that the magnitude and length of time of bounces are greatly reduced when the switch is operated at a pressure of about ten times atmospheric pressure compared with operating at atmospheric pressure. This behavior is because at high ambient pressure, the squeeze film acts more as an incompressible squeeze film than as a compressible one. It is noted that the method of using high pressure to increase damping force on microswitch may not be a practical solution in real applications. But the observed responses of the microswitch to high ambient pressure suggest that one can intentionally increase the damping force to improve the microswitch performance. For instance, one can increase the damping area and/or decrease the gap between the actuator and the ground to achieve a larger squeeze-film damping force in a MEMS switch design.
Conclusions
In summary, a model which describes the mechanical dynamics of a RF MEMS switch using finite element analysis for the structure and a finite difference method for the Reynolds equation has been developed. The model takes into account the real switch geometry, electrostatic actuation, squeeze-film damping, nonlinear contact and the adherence force. These modeled aspects of the switch are believed to be critical for simulating the dynamic response of the switch both before and after initial contact. The model has been used to simulate the switching speed, tip displacement and bowing deflections, impact force and bounces of the switch. The simulation results are in excellent agreement with the measurements of a real switch in terms of closing time, and the number and duration of bounces.
A dual voltage pulse scheme has been developed and applied to the switch. This tailored actuation waveform method has been shown to be beneficial to the performance of the switch. In particular, it is shown that the magnitude and number of bounces of the switch could be reduced. It is expected that this simulation method will become a design tool for future switch design and development. The simulation and experimental results obtained provide some useful insight into the operation of a MEMS switch.
